Calculating math problems from memory may seem unrelated to everyday processing of emotions, but they have more in common than one might think. Prior research highlights the importance of the dorsolateral prefrontal cortex (dlPFC) in executive control, intentional emotion regulation, and experience of dysfunctional mood and anxiety. While it has been hypothesized that emotion regulation may be related to 'cold' (ie. not emotion-related) executive control, this assertion has not been tested. We address this gap by providing evidence that greater dlPFC activity during 'cold' executive control is associated with increased use of cognitive reappraisal to regulate emotions in everyday life. We then demonstrate that in the presence of increased life stress, increased dlPFC activity is associated with lower mood and anxiety symptoms and clinical diagnoses. Collectively, our results encourage ongoing efforts to understand prefrontal executive control as a possible intervention target for improving emotion regulation in mood and anxiety disorders.
Introduction
The ability to adaptively regulate emotional experiences in everyday life is related to a range of outcomes including mental health, relationship quality, academic achievement, and job performance (Garnefski & Kraaij, 2006; Graziano, Reavis, Keane, & Calkins, 2007; Gross & John, 2003; Newman, Joseph, & MacCann, 2010) . One of the primary strategies for regulating emotional experiences is cognitive reappraisal, which involves changing one's interpretation of negative emotions or experiences in an attempt to be more neutral or objective (Goldin, McRae, Ramel, & Gross, 2008; Ochsner, Bunge, Gross, & Gabrieli, 2002) . As such, cognitive reappraisal is hypothesized to represent an important specific skill that can be developed through Cognitive Behavioral Therapy (CBT), an umbrella term describing psychotherapies for improving dysfunctional mood and affect by teaching individuals to identify, evaluate, and respond to maladaptive thoughts and beliefs through guided questioning and behavioral experiments (Beck, 2011) . Although cognitive reappraisal of emotion has been hypothesized to relate to neural processes supporting 'cold' (i.e. not emotion-related) executive control (Ochsner & Gross, 2005) , there has only been indirect evidence in support of this hypothesis. Identifying 'cold' executive control processes that support the use of cognitive reappraisal will not only deepen our understanding of fundamental mechanisms supporting adaptive emotional functioning but also inform the search for novel approaches to therapy that could target these executive functions and potentially increase the effectiveness of teaching cognitive reappraisal to individuals with mood and anxiety disorders.
Executive control is typically divided into three inter-related subprocesses: (1) updating and monitoring of information in working memory, (2) shifting between information sets, and (3) selecting goal-relevant responses (Miyake et al., 2000) . The neural processes supporting executive control have been established as relating to functioning of the dorsolateral prefrontal cortex (dlPFC; Barbey, Colom, & Grafman, 2013; Wager & Smith, 2003) . Functional neuroimaging studies of healthy individuals have generally associated higher activity of the dlPFC with better executive control (Braver et al., 1997; D'Esposito et al., 1995) .
Functioning of the dlPFC has also been found to be important in controlling emotions, which can be thought of as a state-like skill or as a trait-like disposition (Lee, Heller, van Reekum, Nelson, & Davidson, 2012) . Both state-and trait-like emotion regulation have been associated with increased dlPFC activation (Drabant, McRae, Manuck, Hariri, & Gross, 2009; Goldin et al., 2008; Heller et al., 2013; Ochsner et al., 2002) , and the specific use of cognitive reappraisal has been found to decrease feelings of distress and reduce symptoms of anxiety and depression (Gross & John, 2003; Hofmann, Heering, Sawyer, & Asnaani, 2009 ).
Dysfunction of the dlPFC has also been linked with depression (e.g. Heller et al., 2009) . For example, dlPFC lesions specifically have been associated with increased depressive symptoms (Koenigs et al., 2008) , and stimulation of the dlPFC through TMS has led to decreased depressive symptoms in patients with Major Depressive Disorder (MDD) and anxiety in Generalized Anxiety Disorder (GAD) (Bystritsky et al., 2008; O'Reardon et al., 2007) . Furthermore, abnormal prefrontal activation has been demonstrated in individuals with MDD (Erk et al., 2010; Johnstone, van Reekum, Urry, Kalin, & Davidson, 2007) and individuals at risk for MDD (Joormann, Cooney, Henry, & Gotlib, 2012) , specifically during the process of emotion regulation. Similarly consistent patterns have been identified for anxiety disorders, with individuals showing an increase in dlPFC activation pre-to post-CBT treatment during the process of emotion regulation (Goldin et al., 2013) .
Though implicit in the associations noted above (Ochsner & Gross, 2005) , no direct links have been established between dlPFC function during 'cold' executive control with dysfunctional mood and anxiety, and the use of cognitive reappraisal. Establishing such direct links, can help illuminate shared biological foundations of these behavioral processes. Here we used functional magnetic resonance imaging to measure dlPFC activity during working memory computation and evaluated the extent to which variability in this activity was associated with (1) trait-like or habitual regulation of negative emotion using cognitive reappraisal, (2) self-reported mood and anxiety symptoms in the context of stress, and (3) clinical diagnosis of a mood or anxiety disorder. Based on the existing literature, we hypothesized that increased dlPFC activity supporting computation would be associated with increased habitual use of cognitive reappraisal as an emotion regulation strategy, and decreased self-reported symptoms of mood and anxiety as well as clinical disorder. Given the critical role of stressful life events in precipitating increases in symptoms of depression and anxiety (Faravelli, 1985; Kendler, Karkowski, & Prescott, 1999) , as well as the necessity to regulate negative emotions (Garnefski, Kraaij, & Spinhoven, 2001) , we explicitly tested the moderating role of recent stress on symptoms.
Methods

Participants
Data were available from 186 university students who successfully completed the ongoing Duke Neurogenetics Study (DNS) between September 3rd, 2014 and January 27th, 2016. Informed consent was obtained for all participants in accordance with the Duke University School of Medicine Institutional Review Board. Exclusion criteria included: (1) medical diagnoses of cancer, stroke, head injury with loss of consciousness, untreated migraine headaches, diabetes requiring insulin treatment, chronic kidney or liver disease, or lifetime history of psychotic disorder; (2) use of psychotropic, glucocorticoid, or hypolipidemic medication; and (3) conditions affecting cerebral blood flow and metabolism (e.g. hypertension). The DNS seeks to establish broad variability in multiple behavioral phenotypes related to psychopathology, so other than psychotic disorders, participants were not excluded based on diagnosis of past or current DSM-IV Axis I or select Axis II (borderline and anstisocial personality) disorder. However, no participants were taking psychotropic medication at the time of or at least 10 days prior to study participation.
Self-Report Questionnaires
The Emotion Regulation Questionnaire (ERQ) is a 10-item self-report questionnaire designed to assess individual differences in two emotion regulation strategies: cognitive reappraisal and expressive suppression (Gross & John, 2003) . Instructions ask subjects to report on how they control both their emotional experience and their emotional expression. Items are rated on a 7-point-Likert scale from "strongly disagree" to "strongly agree." The cognitive reappraisal subscale, which prior work links to executive control and dlPFC function, was used in our analyses.
The Mood and Anxiety Symptom Questionnaire -Short Form (MASQ-SF;) is a 62-item self-report questionnaire designed to assess symptoms during the past week. across four subscales: general distress depression, anhedonic depression, general distress anxiety, and anxious arousal (Watson et al., 1995) . Items are rated on a 5-point-Likert scale from "not at all" to "extremely." One item from the anhedonic depression subscale that asked about suicidality was removed from the questionnaire in order to comply with IRB protocol. Items were summed to create a total score for mood and anxiety symptoms.
The Life Events Scale for Students (LESS; Clements & Turpin, 1996 ) is a 46-item selfreport questionnaire that assesses the number of life events that occurred in the past 12 months. Participants rate the impact that the life event had on them on a 1 to 4 scale (4 = severe impact). The impact score for each event reported was summed to yield a LESS total impact score; higher values indicate both greater number and severity of life events.
Clinical Interview
All participants were assessed for common mental disorders using the electronic version of the M.I.N.I International Neuropsychiatric Interview (Sheehan et al., 1998) , administered by trained staff under the supervision of a licensed clinical psychologist (BDB). The interview follows DSM-IV (American Psychiatric Association, 1994) and ICD-10 (World Health Organization, 2004) diagnostic criteria.
Working Memory fmri Paradigm
Activity of the dlPFC was measured during BOLD fMRI using an event-related working memory paradigm (Tan et al., 2007) . This task was chosen because it specifically allows for explicit modeling of component subprocesses of working memory (Figure 1 ). In particular, it was hypothesized that higher order aspects of executive control, including the manipulation of information in working memory (Miyake et al., 2000) , would support the complex process of cognitive reappraisal by allowing for the manipulation of information in constructing new appraisals (Silvers et al., 2014) . Previous studies have found that this updating component is related to emotion regulation success (Pe, Raes, & Kuppens, 2013) . Here, we focus on this computational function of the dlPFC by isolating activity during the contrast of trials wherein participants subtract 2 or 3 from a remembered number and then make a numerical size judgment against a second number during recall ("E_RCJ," Figure 1 ) versus trials wherein participants subtract 2 or 3 from one of 2 numbers during a brief encoding phase before recalling the resulting two numbers and performing a numerical size judgment ("EC_RJ," Figure 1) , in order to isolate the manipulation of information component of working memory. Additional details are provided in Supplemental Methods.
BOLD fMRI
The general linear model of SPM8 (http://www.fil.ion.ucl.ac.uk/spm) was used to conduct analyses of BOLD fMRI data acquired using a standard protocol (see Supplemental Methods for acquisition parameters and details). Following preprocessing, events were modeled for correctly performed trials for the response phase for each of the 6 trial types, and the maintenance and encoding (with and without computation modeled separately) phases for WM trials. Incorrect responses were also modeled as regressors of no interest. A linear contrast employing the canonical hemodynamic response function was used to estimate main effects for each participant for the comparison of E_RCJ > EC_RJ in order to isolate the manipulation of information in working memory above and beyond basic computation and maintenance of information across a delay. Individual contrast images for Scult et al. Page 4 Clin Psychol Sci. Author manuscript; available in PMC 2018 January 01.
E_RCJ > EC_RJ were then used in second-level random effects models accounting for scanto-scan and participant-to-participant variability to determine mean condition-specific regional responses using one-sample t-tests with a voxel-level statistical threshold of p<0.05, family wise error (FWE) corrected for multiple comparisons across the whole brain. Regions of interest for the dlPFC were created using the WFU Pickatlas with the conjunction of bilateral BA9 and BA46. Mean parameter estimates from the primary activation cluster (Figure 2A ; −42, 2, 30, k=274) within these anatomical regions of interest surviving FWE correction were extracted to test our hypotheses using IBM SPSS Statistics 23 (Chicago, IL, USA).
Hypothesis Testing
Extracted values from the dlPFC cluster associated with computation during working memory were entered into a general linear model with ERQ Cognitive Reappraisal scores as the dependent variable. Additionally, a moderation model using PROCESS for SPSS (Hayes, 2012) , tested whether the dlPFC activity in interaction with self-reported stressful life events, was associated with MASQ total scores as well as with diagnosis of a mood or anxiety disorder.
Lastly, a moderation model tested whether ERQ Cognitive Reappraisal in interaction with stressful life events, was associated with MASQ total scores as well as with clinical diagnosis. Sex was included as a covariate in all analyses.
Results
Demographics
The final sample of 186 participants (118 women; 63.4%) had a mean age of 19.81 (± 1.28) years and self-reported as being European American (110; 59.1%), African American (15; 8.1%), Asian (42; 22.6%), Multi-racial (14; 7.5%), Other (5, 2.7%), and Hispanic/Latino (18; 9.7%). With regards to socioeconomic status, participants were asked to rank on a 0-10 scale where they were in comparison to others in the United States in terms of money, education, respected jobs, etc. The sample mean was 6.97 (1.65). Clinical interview identified 43 participants (23.1%) as having a DSM-IV diagnosis. Additional details regarding demographics of our cohort as a function of DSM-IV diagnoses including comorbidity are provided in Supplemental Table 1 .
Working Memory Task Performance and Behavioral Measures
Mean accuracy across all conditions was 95% (±5%), range 71-100%, and mean accuracy on the E_RCJ condition specifically was 89% (±11%), range 50-100%. The mean score for the ERQ Reappraisal subscale was 5.23 (±0.92), range 2-7. The mean score on the MASQ-SF was 110 (±27), range of 65-213. The mean score on the LESS was 10.37 (±8.30), range of 0-48.
Working Memory fmri
The contrast E_RCJ > EC_RJ used to isolate the manipulation of information in working memory, resulted in large clusters of activity across the frontal and parietal cortices as well as the temporal cortices (Supplemental Figure 1) . Mean parameter estimates were extracted specifically from a 274-voxel cluster within our dlPFC region of interest.
Associations between dlPFC Activity, Symptoms, and Cognitive Reappraisal
A significant positive association was found between dlPFC activity and ERQ Reappraisal (Fig 2B; b=0. 18, p=0.018, R 2 change=3.0%). The effects were specific to Reappraisal, as dlPFC activity was not associated with ERQ Suppression (p=0.50). The magnitude of dlPFC activity interacted with stress to predict symptoms of mood and anxiety (p=0.009, R 2 -change=3.4%). In particular, for individuals with high levels of stressful life events, higher dlPFC activity was associated with fewer symptoms of anxiety and depression ( Figure 2C ). The effects did not change significantly after controlling for presence or absence of DSM-IV diagnosis or after controlling for task accuracy. A similar pattern was observed when predicting mood or anxiety diagnoses (p=0.050, R 2 -change =2.0%).
Lastly, ERQ Cognitive Reappraisal interacted with stress to predict symptoms of mood and anxiety (p=0.043, R 2 -change =1.9%). In particular, for individuals with intermediate or high levels of stressful life events, greater reappraisal was associated with fewer symptoms of anxiety and depression (Supplemental Figure 2) . After controlling for presence or absence of DSM-IV diagnosis, this interaction was reduced to a trend effect (p=0.06). A similar pattern was observed when predicting mood or anxiety diagnoses (p=0.003, R 2 -change =4.4%).
Discussion
Here we provide initial evidence that dlPFC function supporting general executive control is associated with the everyday use of cognitive reappraisal as a strategy for regulating emotions. Furthermore, we find that the use of cognitive reappraisal is associated with decreased symptoms of mood and anxiety in the context of greater life stress as well as clinical diagnosis of a mood or anxiety disorder. Although the cross-sectional nature of our data makes formal tests of mediation unfeasible, the findings are consistent with prior behavioral work finding that coping strategies, including cognitive reappraisal, mediate the relationship between executive control and mood (Campbell et al., 2009; Evans, Kouros, Samanez-Larkin, & Garber, 2015) . Thus, our current findings fill a gap in understanding the cognitive control of emotion. Specifically, our results suggest that cognitive and emotional processing may not just utilize the same brain regions, but instead rely on shared information processing itself. Our analyses lend support for the theory that coping with emotional distress relies on the ability to construct expectations, select among alternative explanations, and make judgments about emotional stimuli through 'cold' executive control processes (Ochsner & Gross, 2005) .
Recently, cognitive training programs that impact working memory ability and other neuropsychological function have begun to show reliable and generalizable effects (e.g. Anguera et al., 2013) . In light of this work, our current results suggest the intriguing hypothesis that such domain general strategies could be implemented as an adjunct to cognitive behavioral therapy techniques as a means of enhancing efficacy. Given that working memory and other executive control functions have been shown to be impaired in depression (Snyder, 2013) , the enhancement of general working memory might facilitate cognitive reappraisal, leading to improved outcomes. Additionally, methods of directly strengthening dlPFC function may buttress executive control and associated emotion regulation leading to decreased anxiety and depression. In support of this strategy, functional neuroimaging studies have demonstrated that individuals are able to upregulate dlPFC activity supporting working memory using real-time neurofeedback leading to improved performance (Zhang, Yao, Zhang, Long, & Zhao, 2013) . Similarly, transcranial magnetic stimulation (TMS) of the dlPFC is associated not only with improved working memory performance (Fregni et al., 2005) , but also decreased symptoms of anxiety and depression (Bystritsky et al., 2008; O'Reardon et al., 2007) , although the effects of dlPFC-targeted TMS on executive control and mood symptoms have not been considered jointly in a single experiment. Given that changes in working memory performance would be an immediately observable outcome when using TMS, one possibility is that working memory performance could act as an intermediate index of the effectiveness of stimulation parameters in treating mood and anxiety disorders.
A limitation of the present study is the cross-sectional nature of the data. Therefore, while we hypothesize that habitual use of cognitive reappraisal may mediate the association between dlPFC function and stress-related mood, it is also possible that dlPFC function may act as the mediator. Future longitudinal studies will be better positioned to explore these alternate models. Another limitation of the present sample is that it was comprised of relatively high-functioning undergraduate students. While a range of clinical psychopathology was observed in our sample, the prevalence rates were slightly below population norms (Moffitt et al., 2010) . Thus, it will be important to extend our findings to samples with higher base rates of psychopathology or at higher risk for disorder. A further limitation is the conceptualization of recent life stress, which was developed specifically for students (e.g., failing a course), and thus may not capture stressors more common in the general population (e.g., unemployment). While the measure of stress we use is easily administered via self-report and accounts for both the number and subjective severity of these stressful life events, it may be subject to retrospective bias or confounded with current symptoms (i.e., more depressed individuals may be more likely to rate past life events more severely). These limitations can be addressed in future work using different measures of common life stressors not unique to students as well as through longitudinal studies capable of establishing temporal order of events.
These limitations notwithstanding, our results show that dlPFC function supporting general executive control is related to the habitual use of cognitive reappraisal to regulate negative emotions and the experience of stress-related mood and anxiety dysfunction. As such, our results encourage further consideration of the importance of domain general executive control processes in emotion regulation and in the experience of mood and anxiety dysfunction particularly in the context of stressful life events, motivating ongoing efforts to better understand top-down prefrontal executive control as a target for clinical intervention.
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Figure 1. Working Memory Task
In order to isolate the computational component of working memory, the contrast of E_RCJ>EC_RJ was used in the analyses. This comparison isolates updating/manipulation component of working memory by focusing on computation on information that has been maintained over a delay. A) The peak dlPFC cluster extracted for subsequent analyses. B) Increased dlPFC activation during computation of information in working memory is associated with greater levels of self-reported cognitive reappraisal during everyday life as measured by the ERQ (p=0.018). C) At high levels of stress, increased dlPFC activity is associated with fewer mood and anxiety symptoms (p=0.036). Scult et al. Page 12 Clin Psychol Sci. Author manuscript; available in PMC 2018 January 01.
